A new gas-filled operation mode of the large-acceptance spectrometer VAMOS at GANIL is reported. A beam rejection factor greater than 10 10 is obtained for the 40 Ca+ 150 Sm system at 196 MeV. The unprecedented transmission efficiency for the evaporation residues produced in this reaction is estimated to be around 80% for αxn channels and above 95% for xnyp channels. A detailed study of the performance of the gasfilled VAMOS and future developments are discussed. This new operation mode opens avenues to explore the potential of fusion reactions in various kinematics.
Introduction
Fusion-evaporation reactions permit probing the structure and dynamics of fully equilibrated nuclei under extreme conditions of 1 Permanent Address: Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India angular momentum and/or temperature. For discriminating weakly populated evaporation channels from the overwhelming background due to other events, a highly selective and efficient device for detecting the evaporation residues (ERs) around 0
• is necessary. This is especially true at high beam intensities, where a good rejection of the unreacted projectile is crucial. Additionally, since the evaporation residues after passing through the target are characterized by broad distributions in angle, energy and charge state, a large angular aperture and a high transport efficiency between the target and the detectors are required.
Depending on the ions involved, different arrangements of optical elements are used to achieve an adequate rejection of the beam and a reasonable collection efficiency of the ERs. While Wien Filters [1] or separated electric and magnetic dipoles [2] are based on a selection in velocity of the incoming ions, recoil mass spectrometers [3] disperse the particles according to their mass over charge state ratio M/Q. Magnetic spectrometers select the ions depending on the momentum over charge state ratio, or equivalently, magnetic rigidity, Bρ = p/Q. Gas-filled magnetic separators (Ref. [4] and references therein) take advantage of the difference in the mean charge state Q reached by beam and ERs along their transport in a gas at low pressure [5] , yielding a magnetic rigidity which, to first order, is proportional to the mass of the ion [6] . This, in general, leads to a better rejection of the direct beam as compared to what is achieved in vacuum. Additionally, the Q distribution is narrow [7] , resulting in an enhanced transmission of the ERs. Due to the deterioration of the mass resolution, caused mainly by charge exchange and multiple scattering in the gas, it is customary at gas-filled magnets to isotopically identify the reaction products by their characteristic decay (e.g. [8, 9] ). Although high beam rejection is currently possible, the transmission is limited by the small acceptance of the existing devices [2, [10] [11] [12] [13] .
Recently, a few large-acceptance magnetic spectrometers [14] [15] [16] [17] were built and operated under vacuum. We presently focus on the VAriable MOde Spectrometer (VAMOS) [16, 17] at GANIL. VAMOS was originally designed to cope with the challenge inherent to the low-intensity SPIRAL1 radioactive ion beams. High efficiency and isotopic identification of the recoiling ion were among the major goals. Different modes of operation are available depending on the settings of the optical elements. The versatility of VAMOS has been exploited for the study of various mechanisms such as deep-inelastic collisions [18] , Fig. 1 . Schematic layout of the spectrometer and detection system. VAMOS was placed at 0 • with respect to the beam axis. The focal plane detection system consists of two drift chambers followed by a Si wall and a Plastic scintillator. Typical trajectories calculated with ZGOUBI [22] for different angles at the target for beam particles (dashed lines) and evaporation residues (full lines) are shown.
fission [19] and direct reactions [20] . Isotopic identification of the reaction products was achieved up to A ∼ 160. The present communication reports on the recent implementation of a gas-filled operation mode at VAMOS. This upgrade considerably extends the capabilities of the device when operated at 0 • . To characterize the new operation mode of VA-MOS, a fusion reaction studied previously [8] at gas-filled separators was used. Ion-optical calculations were performed to quantify the transmission of the ERs. The limitations of the new operation mode were identified, and further improvements are discussed.
Measurement and experimental results

Experimental set-up
The measurement was made using a 40 Ca beam at 196 MeV, delivered by the CSS1 cyclotron of GANIL, incident on a 550 µg/cm 2 thick 150 SmF 3 target evaporated on a carbon backing (25 µg/cm 2 ). A schematic of the experimental set-up is shown in Fig. 1 . The spectrometer consisted of a quadrupole doublet and a magnetic dipole (QQD configuration). The Wien filter was not used in the present work. The optical axis of VAMOS was placed at 0
• with respect to the beam axis. The first quadrupole was placed at 40 cm from the target, and the dipole bending angle was 45
• . Both the distance to the target and the dipole bending angle are variable at VAMOS [17] . In the present configuration, a large acceptance in angle (Ω ∼ 60 msr) and in magnetic rigidity (∆Bρ/Bρ ≈ ±7%) is achieved, and the maximum magnetic rigidity Bρ max is 1.8 T-m. A carbon foil ∼ 100 µg/cm 2 thick was placed 1 m upstream of the target to isolate the beam line from the gas-filled region. The whole section (∼ 8.6 m) between the carbon foil and the end of the detection chamber was filled with He gas at low pressure (p was varied between 0.1 and 1.4 mbar). The nominal magnetic rigidity Bρ 0 , which defines the central (reference) trajectory, was varied around the Bρ value predicted by model calculations for the ERs produced in the reaction. The deflected direct beam was stopped inside the dipole chamber in a "rake-like" plate made of tantalum and small aluminium pieces for minimizing the particles scattered onto the focal plane. The detection system consisted of two positionsensitive drift chambers (DCs), a windowless 500 µm thick Si wall (2 rows with 9 detectors of 5 cm × 7 cm size each) and a 15 mm thick Plastic scintillator. The prompt γ-rays emitted by the reaction products at the target were detected using four segmented EXOGAM Ge clover detectors [21] placed at backward angles. For each event, the position (x 1 , x 2 , y 1 , y 2 ) on the drift chambers, the energy loss ∆E = ∆E 1 + ∆E 2 in the DCs, the residual energy E Si in the Si wall, the charge Q P l induced in the Plastic scintillator, and the time-of-flight between the target and the focal plane were recorded. The time-of-flight was derived using the timing signal of the Si detectors with respect to either the time of the γ-ray detectors (T of ) or the frequency of the cyclotron (T Si−hf ).
The magnetic rigidity Bρ, angles (θ, φ) at the target position and path along the spectrometer were software reconstructed on an event-by-event basis [17] from the measured positions on the DCs. When combined with the time-of-flight, the trajectory reconstruction permits the determination of the velocity vector of the recoiling nucleus at the target position. The angle between the crystal of the EX-OGAM clover detector and the reconstructed velocity was used to obtain the Doppler correction to be applied to the γ-ray spectrum [17] . The energy loss ∆E, residual energy E Si and charge Q P l were used for tagging the reaction. The ERs produced in the collision were iso- topically identified by the measurement of the characteristic prompt γ-rays emitted at the target and/or the radioactive α-decay in the Si detectors.
The time-of-flight and energy loss were calibrated using SRIM08 calculations [23] for the ERs produced in the reaction. The Si detectors were gain matched with a pulse generator and calibrated using a 233 U-239 Pu-241 Am α-source. The resolution was typically ∼ 60 keV (FWHM). The energy of the heavy ions implanted in the Si detectors computed with the α-calibration was corrected for pulse height defect following the procedure given in Ref. [24] . The four EX-OGAM clovers were calibrated using standard sources, and the total photopeak efficiency was ∼ 3.5% at 1 MeV.
The fusion cross section for the present reaction was estimated to be ∼ 240 mb using a statistical model code [25] . The excited 190 Pb compound nucleus decays either by fission (75%) or particle evaporation (25%). The Bρ distribution at the focal plane of the gas-filled VAMOS calculated by the ANAMARI code [26] is shown in Fig. 2 for the unreacted projectiles and the dominant reaction channels. The calculation takes into account the charge equilibration, angular scattering and energy straggling in the ics, the measurements are restricted to lowintensity beams.
Particle identification and characterization of the evaporation residues
The evaporation residues can in principle be discriminated from other reaction products using the correlation between the measured total energy E = ∆E + E Si and the time-of-flight T of . Such a correlation is shown in Fig. 3a . The direct beam and target-like nuclei can be seen to be well separated from the ERs. Beamlike particles scattered from the beam dump, protons originating from reactions in the beam dump as well as scattered He gas atoms can also be observed. These overlap in the (E, T of ) region of the evaporation residues, making the clean selection of the ERs based only on total energy and time-of-flight difficult. The measured energy loss was used for a further selection (Fig. 3b) . The evaporation residues are well separated from beam-like particles in the (∆E, E Si ) correlation. The signals induced by proton and He light particles are too low to trigger the DCs. These light particles lead to a nonnegligible background in the energy spectrum of the radioactive α-decay of the ERs. Figure 4 shows the correlation between the energy deposited in the Si detectors E Si and the time-offlight T Si−hf . To select light particles, an anticoincidence with the DCs was required. Two intense structures are observed, correspond- ing to the protons produced in the beam dump and the scattered gas atoms. The fold-back in these structures at 9 and 32 MeV is consistent with the range of, respectively, protons and He particles in 500 µm of Si. The left (right) branch of each structure corresponds to those particles which punch through (stop in) the Si detectors. The He atoms were found to be absent in the spectrum for a run collected during the measurement with VAMOS under vacuum. Protons were detected even in the absence of a target, and the correlation between their measured energy and time-of-flight was found to be consistent with the distance between the beam dump and the detectors. To reduce the background caused by these light particles in the Si detectors, the Plastic scintillator was used as a veto. The spectrum of the residual energy E Si obtained from the events in anti-coincidence with both the DCs and the Plastic detector is shown in Fig. 5a . The observed peaks are assigned to the radioactive α-decay of 185 Hg (E α = 5653 keV), 183 Hg (E α = 5904 keV) and 186 Pb (E α = 6332 keV). The large size of the individual Si detectors used in the present work did not permit the correlation of the ER implantation with its decay at the focal plane. The implantation rate in one Si detector was larger than the inverse of the half-life of the ERs. To improve this aspect, an upgrade of the set-up is discussed in section 4.
The Doppler-corrected γ-ray spectrum in prompt coincidence with the ERs is shown in Fig. 5b . The most intense γ-ray transitions observed are from 186 Hg (2p2n), 183 Hg (α3n), 185 Tl (p4n) and 186 Pb (4n). Note that the 183 Hg and 186 Pb nuclei appear in both the prompt γ -ray and the α-decay spectra. The 186 Hg residue decays through β-radioactivity to a stable nuclide, and its production was inferred only from the γ-ray spectrum. The 185 Tl nucleus preferentially decays by β-radioactivity to 185 Hg, the α-decay of which was measured in the Si detectors. Figure 6 shows the measured Bρ distribution for the direct beam, target-like nuclei and ERs. The various particles have been selected applying a condition on the (∆E, E Si ) correlation. The distributions are shown for three different values of Bρ 0 . The measurement compares well with the ANAMARI calculation (Fig. 2) . With increasing nominal rigidity, the yields of the direct beam and target-like nuclei decrease due to their lower Bρ. For a value of Bρ 0 = 1.65 T-m, no un-reacted projectile was detected at the focal plane for a beam intensity of 1.2 × 10 10 particles/s within a run of ∼ 30 min. The rejection factor for the direct beam is therefore estimated to be better than 10 10 . The current usable during the present measurement was limited by the counting rate in the Ge detectors due to reactions induced in fluorine in the target and in the carbon backing.
Performance of the gas-filled VAMOS
Beam rejection
Transmission of the evaporation residues
The spatial distribution of the ERs at the focal plane was studied as a function of both the nominal rigidity and the He gas pressure. The distribution was found to be centred on the detectors and narrowest for Bρ 0 = 1.65 T-m and p ∼ 1 mbar (Fig. 7a and b, respectively) . These values are in agreement with model calculations [26] and previous measurements [5, 13] . The measured minimal width of the Bρ distribution of ∼ 6% is comparable to that measured at other gas-filled separators for similar reactions (Ref. [4] and references therein).
The transmission of a given evaporation residue is defined as the ratio of the number of residues reaching the focal plane detectors and the number of residues produced in the target. The transmission depends on the kinematics of the reaction and the acceptance of the spectrometer [12, 17, 28] . Monte-Carlo simulations were performed to understand quantitatively the measurements at the focal plane, and unfold the role of the reaction kinematics and the finite acceptance of the spectrometer. The angle and energy distribution of the ERs after the target was calculated based on fusion-evaporation kinematics [29] for those evaporation residues observed in the measurement. The charge state distribution acquired by the ion along its transport in the gas was modelled following Ref. [5] . Figure 8 shows the simulated distribution as a function of laboratory angle Θ lab , velocity V , charge state Q and magnetic rigidity Bρ for the α3n channel ( 183 Hg). The transport of the particle through VAMOS was derived using ion-optical calculations performed with the ZGOUBI code [22] in the three-dimensional (Bρ/Bρ 0 , θ v , φ v ) phase space. The subscript v refers to the coordinate system of the spectrometer [17] . A point-like beam was assumed. The charge exchange process along the transport in the gas was simulated by the use of a continuous charge state distribution (Fig. 8c) .
Model calculations [26] show that the dominant contribution to angular scattering of the ERs is due to the target. The above assumptions are sufficient for the present purpose of determining the beam envelope along the optical elements [30] . The influence of the acceptance on the transmission of the 183 Hg evaporation residue is illustrated in the upper panel of Fig. 9 , where the relative magnetic rigidity Bρ/Bρ 0 is plotted as a function of the azimuthal angle θ v . The simulated distribution of 183 Hg at the entrance of VAMOS is shown in panel a), while only the transmitted residues are displayed in panel b). The initial distribution is observed to be modified in a nonuniform manner as a result of the complex transport efficiency of the spectrometer in the (Bρ/Bρ 0 , θ v , φ v ) phase space. The calculated acceptance map of VAMOS is shown in the lower panels of Fig. 9 as a function of (θ v , φ v ) and (Bρ/Bρ 0 , φ v ) for relevant ranges of Bρ/Bρ 0 and θ v . The loss of transmission observed at Bρ/Bρ 0 ≥ 1 for θ v ∼ 0 in Fig. 9b is found the spectrometer at large rigidities. The results of the calculation for the transmitted 183 Hg residues are compared with the input distributions in Fig. 8 . A detailed study of the transport efficiency at VAMOS can be found in [17] . A similar study was recently reported for the vacuum spectrometer PRISMA [31] . Figure 10 shows the comparison of the Bρ and V distributions for the measurement and the calculation (including all ERs). The good agreement between the simulated and the measured values shows that the present method can be used for reliably estimating the transport efficiency. For the 40 Ca+ 150 Sm reaction at 196 MeV, the transmission was found to be better than 95% for nucleon (n and/or p) evaporation channels and ∼ 80% for α evaporation channels. The sensitivity of the calculation was estimated to be less than 10%. The relatively low transmission quoted for the α channels is limited by the angular spread caused by the evaporated α particle (Fig. 8a) . This is not applicable for xn evaporation channels which are characterized by emission angles smaller than the angular aperture of VAMOS. The evolution of the transmission as a function of the target thickness for the α3n evaporation channel is shown in Fig. 11 .
The knowledge of the transport efficiency and the number of characteristic α decays measured at the focal plane were used to estimate partial ER production cross sections. These were found to be in reasonable agreement with previous measurements [32] statistical model calculations [25] . Under the present conditions a cross section of the order of ∼ 30 µb was measurable.
The present work is the first application of trajectory reconstruction methods for a gasfilled magnet. The reconstruction of the magnetic rigidity permits an efficient determination of the optimal settings for the measurement. This is especially crucial when rare processes are to be investigated [33] . Additionally, the reconstructed velocity vector of the residue at the target improves the Doppler correction of the emitted γ-rays. This aspect will be important for an efficient use of next generation γ-arrays [34] . The large path length and Bρ limitations in VAMOS makes it unsuitable for the study of super heavy nuclei in reactions with lead or actinide targets. With the advent of the next generation radioactive beam facility SPIRAL2 at GANIL, the gas-filled mode of VAMOS would be suitable for symmetric reactions and inverse kinematics.
Comparison with existing separators
The main characteristics of routinely used gas-filled separators are summarized in Table 1. As can be seen from the table, the arrangement of the optical elements at VAMOS differs from the commonly used DQQ config- Table 1 Characteristics of existing gas-filled separators. For VAMOS the numbers refers to the current configuration. uration. The DQQ configuration permits the minimization of the background at the focal plane. This is done by the removal of the primary beam directly after the target, such that only the transmitted ions are further focused on the detectors. An additional dipole is sometimes used for an improved rejection. As compared to other separators, the gas-filled VA-MOS has a large angular acceptance. Together with the high transport efficiency and detector size, it leads to the unprecedented transmission values discussed in section 3.2.
The absence of focusing behind the dipole at VAMOS is less critical due to the large size of the detectors at the focal plane [17] . For the current configuration, the maximum magnetic rigidity Bρ max is lower than that available elsewhere. The use of an alternative configuration permits increasing Bρ max up to 2.2 T-m while keeping a reasonably good angular acceptance (Ω ∼ 45 msr). The large dispersion and large area of the focal plane detectors leads to a selective and efficient measurement of the evaporation residues. Figure 12 shows a comparison of the transmission at VAMOS, at the velocity filter SHIP [28] and at the gas-filled separator RITU [13] . The transmission of representative neutron evaporation channels produced in various reactions is displayed as a function of the reaction asymmetry A p /A t . The values predicted at VAMOS are much larger than those obtained at existing devices.
Future developments
The gas-filled mode of VAMOS was implemented without any major modification of the existing setup. Hence, modifications of the setup are necessary for further optimizing the capabilities of VAMOS in this mode. Due to mechanical constraints related to the H-core shaped geometry of the dipole magnet, the beam dump was located inside the dipole chamber (Fig. 1) . Changing the position of the beam dump beyond the dipole, with additional shielding (Fig. 13) , is expected to prevent particles scattered from the beam dump to reach the detectors. As mentioned earlier, a carbon foil was used in the present measurement to isolate the vacuum of the beam line from the gas-filled region. The use of a differential pumping improves the properties of the beam at the target position. Both these changes would allow the use of higher beam intensities. A rotating target is already available to accept these high beam intensities. The isotopic identification of the ER can be made correlating in position and time the ER and its decay [40] . The use of the large size and highly-segmented Si wall MUSETT (4 DSSSD elements of 10 cm × 10 cm area with 128 × 128 elements each) is envisaged for this purpose [41] .
Conclusions
A new gas-filled operation mode was implemented at the VAMOS spectrometer at GANIL. It is shown to be a highly selective and efficient 0
• spectrometer for the evaporation residues produced in fusion reactions. For the 40 Ca+ 150 Sm system at 196 MeV, a rejection factor better than 10 10 was achieved for the direct beam. The transmission efficiency of the evaporation residues was estimated between 80% and 95%, depending on the evaporation channel. The planned modifications are expected to further improve the sensitivity of the setup. To fully exploit the potential of next-generation facilities based on intense radioactive heavy-ion beams such as SPIRAL2, a very high rejection of the beam is required for fusion reactions in symmetric and inverse kinematics. The new gas-filled mode extends the capabilities of the large-acceptance VA-MOS when operated at 0 • , opening new avenues for the study of nuclear structure and reaction dynamics at the limits. The successful operation of the gas filled mode adds to the versatility of the already existing vacuum mode of VAMOS.
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